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Th!-f'~-(ii~n ... ,r, <(Hl~J. , lu11~- r~onlinl'~Jr d~ namo n to(.k'Lj were ~ ir~t presented in lt)93 ~J~· \\\"U gn_lllP~ 1:1 
,l ap:tr: " nd l ' S_\ Since then. ahoul. •en group~ lli~\'E ~eported similm simulation results. a nrl ~onw 
1r:ipona·;: J)rOpl..'rt!t·s n f :he dYr.an1o~ bccan1c known from these ~tudie~. Also iu recer1t. ~--cars. nc\' 
obser-vational results <:ccuruulaled for the raai{netic fields of planets (inc!Ltcling satellitesl, and indicate 
ver)- diverse rlynarno Dnd inrluc t ion effect~ in these bodies. In this review, we first go thro ugh the 
'net hoc' r: mploycd fur cltt' gcodyi':lmo :>imulatior!s, a:td ~how how the magnelic field is genera tell and 
:naintained by che convection system in t he rota t ing sphere~ and spherical shells through a process 
similar to rl-cllcct studicc.l by kinematic models We then review the observation of the planetary 
magnetic fieltis in the solar system, and investigate the conditions required for maintaining the 
dvnamo process. Lsing these results, we examirce the magnetic fields of the individual planets and 
consider how these C1elds are produced: hv d.ynarno. induction, or remanent field. 
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Ekman Number E 
Fig. I Relation I.JeLwef'n the Ekman nu:nhcr E ar;d the Rayleigh numher N.a in various MH D d~· umno 
mudc!s. T h ick l:ncs inuical t: Lhf' t hcorclical crit:cal Rayleign numbc:·s c.lderm inecl by Jones 1'1 al. 
~:woo:. Thin lines ,;iluw v.1 1cLCs of lhe m odified Ray iP-igh IEimbe r Ra~. 1 - !-; · Ra. Afler Knn o ' tnd 
RohP.rts (2002). 
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Fig. 7. 1\ snapshot of the longitudinally avP--
rageC: temperature perturb~tion, l":clicity, 
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l'ig. 8. A »ketch of lhe flow pCJll ern in lh e GR 
models. The rrwridiona' circttlation.' rw;; r 
nort h a n rl snut>1 poles ctt-r y heat truw t he 
lCl\ ·.u tile CMB, ll"iticlt induce a slroctg 
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l'ig. 10. Var·iation ul mag netic l~cynolds nurn· 
\)er with heat llow. The horiwnlal coordi-
n!lt.; </J is th~> total hent flux in units of 
F .,,., ,,,. Purclv therma l co nvect ion is 
assum ed and requires <1> > l. The vertical 
axis is lhe value of lite functiom labeling 
tlw cutTPS. 1<"'·'"1 is ·Jw m agnel ic Reynolds 
nurnbr: r fur mixing length theory ami 
R "· ,.,.,. is the cstirEalc [or Lhc rnay,nc lo-
str()phic reglnl(' ~sef~ text: " is tht• co re· 
r,·,diuc in u:1its or Ear;.h'~ co re. :--Jo tc tha : 
N.,.,_ .,,., t ~ 1~. p~cali~ s tt:allt:r l;y , :.11 u nlcr •: .d 
m;:gnil·.rdP. Thi' plo l sr:ow~. lr:at Rm r~1a' 
r· i ~,;c r·api(J:\ n nce tht.' t"·ritr·rin·' fnr p"tfiVH.'· 
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cunvedtou but r[J ts the1: :·elated to tlic 
h .:o\·anl·y il11X ;;nn 1:-:t: l:t: t i~:a l ~ u: ::.:. flqw is 
d.illvr·r;l: \. .\Ite r Stc1 ('r·r,;<.w :o!Oi.~:.-: 1 . 
'. t·--.. ::<:~i:t; '. ' . u . ...:.: .i.\ltlf.fiirig.'l : :.·j : .:. 1 , -c: ~ · 
0. 
~.; z .. r,. j.<-tiJt)!ffl'c·_·, \:t ffl b ~) o)---> i:'.: ,Ff:b~§.nf~E;ftj ;: 
;:. Q {, J; ""C (e.g .. Clayton. 196/:l: Stevenso n, 198/l. 
F,,· ·. 0 .. 3iLF" "''·/pH7·J 1' '' (2!\: 
.: ~~ :::• V,,, i1Tft2 tc~~i[J:(t. L :i;'1.~i.='l11f Ut:~·:::' 1· 
()) }..:.. ~ ,~ ) . Fc,:l':- F'_,.):.al- Fl:•tc.L .;~._;. H'F !j:i:.~:iL:ti'V_) 7.. -~ .... - ) l.-
·'' ·1 ~ -.-: =1-( 6>T-11J:. t.J )e-~-l ~~ .. ::·)-.:.~ < IJ. 9:-. {~ (:;.t~ 
~'Ji@IJj .;,,;p_;j)jL;,)rJ;.:J. i¥1;, :J 1) .tr) )j, u -- 1/./"/ 
}] i~' il iJ[ii]fi'lt <': -s· ~ •L IJ.l L' ;y,;:, ~e. g., .To nes. 2000: 
Stevenson, 1987:>. ::. :nlii(~;rt!iiiii\t_ili:i~J -c(i, 
:1 ·ct§~L:u.lii! l, :J;t.·;i!.t!.t 0:7<:: :'J < ~d · z, o-c Ut1J-c.,7\ 6 
~ .':_;jih;-?>6. "'/, ,1J!f$:c') :3-y'f'i:;:;~:tf.{,'L.L: L,-[:370) 
--t ( .Z<'>:itil 0::. c 1-: I., ·c v)tx@';6' x -c "'i 0 2:: ·t -'5 c. 
:-'l22 
l ~x X. F .. wu.!,;,;;i O:"J: J.: , llr ·:x: x -: ·c·J~; ... _s_~ ) ~:) R m n: J ~=:: ( 1-'"~:Ll/ 
1'/} ~: x2 lct>-UL-~.;.;;.;.:.(J Rrr:.m~,(' = (V-n.:u.-l/n i :..' x::.{f./> 
1) 11'- .!: t.;. ~. .: : -c C/> = F,(lr.•l/F<·lr-.d. ~~ -c_; £f.>~ . ...: (i) l¥]{* 
-">.Cl\J!f* o:;,.:: :;.t-9::: M : .. t'ig. l O > :~ L t~. i~~l;;. 
He-~ ~ -1&~ t:..Y::- : :. ,z rl!}i;; F(:(ln 'l ::t) 1.!i'{(:t F~·~; uU . .td ~: Jt ...... -< 0 
~+51<\:.:< l ' ::_cir~ f) l~ \..r., , .:.:J_; c.!..::tJ ~ l-;, '.b ti < :~: {) 
J>.I!;,J<¢1,~~4! :: -')\ ·-n;~: , '/ _,( -r ~ i: i·t-J· ~ -i·?.:!~i'riHi 
~~~~%~t~~~t~~~~~-~~~ -
7 1 -)· ~ /j'('f!ft (, ·n I;;, c':: ~, ;C (lJ f'f' .41 (i) .r:g.: ., ·c ~' 
<:,tl;J?JTL' ~i :I 1_1 :t 1) 1Jc': o - l-- ;.- ".! );fl: i ;_ li'}g r) 3- t ' · 
+ uJU;J~,~ ,~ .,r · l -tt - '#:",( ,1 - o B2 /2pQ 1i' 0 (1) ::. r" ;,;, 
W!~ -!: ~;{- .:, .n;s (e.g., Kono and Roberts, ~OO~i . .::. ~~ 
iJ• Cy B ·· (2pQi o )1;, ~ >:~ ~t.;;, T a ble 3 {:- S-!~ c. .: J:J 
OOiP: : :J:Jilf~t.>: .~ IJ.1; -ut~'Z~J.JL-,n •t.< ~·. Lfp!..., ;;-sr!f 
/ )i'J) c.. tJ:'l4d;~ ·L ~- t: r~ ~ ' .. ( .: >' ~ ~ ~a) -c· ~ ~ t . .:c .~ t- -If· .. _, 
~ - ~~ i~~ ~ J. 'J -- ·'J.L /: ~' ·:~ O) iJ.fr~! i,n .i&J~h~ J:. i.;l ~:) -c :7-j l'; 
:;;.t~ tt'~ 1~J.!J~I\:~t •t: /) .. J:: c ~ ... ~~.p: -~-i) (l: =~') · -tX~ ~ -~-= 
.--:.. i -~.;.: < f;.js . ;.~J~ -~.J:ii~± J~~ iJ :. c-.; 0'1}', /J ' t: L-~ ~.r ,, , 
-', ·. .~ it:, ,.) "' ,. :- -~:- IJ:;,;, hi·f -.hJ_.JJ1'! r ~:.;. ~ · .: '. -"· 
l)<~; .;,l:d+ c- : ::1 -.- ~ ! , ~ • . oJU! U:t:;;: ~~~ :t~,: '!;. r J· 
f: ;i; ':(:i$ i1 ~ (: T ~ . ~ :'!• ~ L .f l t; ' '. :_ !!' : . l~);~IJ :~ ·' ~ f : iii; 
;gu·, 11 · I u.::-f·J~,;: ;; I lf.fJ.l ·. f;~;'. ,,..-;.f;i~} -c "l'_,{, _ : 
O)~Sliiri C ~ -c ~ ; fl~1£~ft ~- ?r:t: t; zt ~- 1 :.i t ~ntr~th /;. -1 
.~ ~, '/ < +- --c -.. :J:. ;_s t,;, ~)~t~tf) l:~f;~.~: :. ; F:-~/;~; (it~-19. ~ j;1j.{_:·; 
I· n ~( /il.- ~:X~:t~L t<~.t :b/J· ~ .: -f.:..~ ~) ~)'~ &:)~ ~ ·-ii:f: ~r ~:, ;~·· 
J) ~ ffi ·c· i: c·) L·· .,.,,- _i~_., :: :.t ~- tj. 1. ·, v -"' r -c t;\ Jj· .-i :.y ~-~ ;:. 
·) . n*~Jt~*::~:.--.l·r. Jil!I~il) ;l_Aii!~ ~a-.);:_~~'"'<~ ~--
~~i ;..'i; -:- - ~-; :f~ftl:;; t , -n , ~ .. ~itfl.(+. 7· -1' :r ~ ;;t. r; 
''· @lifu:tJ•.i!! ·-1.:2 :;t. :r ,. -t ->e: !;: !-: . , ·c:t!B~t~';:t •czl 
T, ':i~lr\/.;< n k11~.1-:.t7tT'ltliLH: fi'i)t; tt·(.:i i.-f:'t·) 1,:: ;:, 7' 
/ 7- ~1>:-!M .t1-J -50) I~ :;·,J ,0 tfl~ {,f.;~'iiif" ·c- ,}, Q _ ;) . ., 
2:: t> .:, L v· 7;·::t Ji :J, (EJt_O) ::1 ._.. n•X'·Lm ~- -c t , r.~ ·. , .~ t 1 
;i t;, o) -c<f,{; . ~-o) J~i*ll;t.oil:81.: 1'-JH ,:o >t.' '·· n•. Jh.tf :J 
7 iJ: i~lJ L'C 1• 1 t; t •iVc!i' 6 . 7' v .. ~ 7- 7 f· =- 7 :A~.: 
J: ., ·c~'t-' ft-J I;:~t;ri!J1:f~t ~;:tllf,'<C:lt"'T, .J::,W. ·:o(;;. -..-
> ~ Jv t.:';Atni stagnant lid ~-cj:, ,;s t~ i-'J i:. l w!'I 1J<: ~~l 
,T-J,~Iii,\,l t~f- 'l !~I.RJ:. 'l ;::j l· ; : -t h i .::·. l l1f~ ); q'J'{Jc ~ ~; l •:'J 
11~tjj;< J, ~-
it!!~ ;: -_,'· 1 <: ~) 1. t:: I t,Ht~;W·c: :l -c t 1 ~ J: 11 -:J" l 1 ~ 
~ ··. r'JH"GIIIIX!{tJli .Jiiik 7' 1' -r {. -7~Mt~-!<v 6 t: .Y>~ :-:t:nJ 
~X. -f t) ·;; t.: ~ p~t .-5 ~ ;( /;S ,rJ_; < ~ \ )·, .h. -z:· ~ ·, ~ (Loper, 
19i8). 'f v)J,\J!A-, La lm.>~se el al. (19871 t;  :::·rv~ ·.f ;;. -:, 
l:i*JfY<f;< 10 20~)_f:I. IJ> (({f i_ ;s.fJ•-,f: ~·t tliJ , -f. 
~ ~ J .. i ) fti!v···ll-f{\:t..: :;t~1 . ... r; x ·< .. :i.- -'1--" - it;~:? ·&~··i..tfJ~ t) L :fi .. !o. 
t •. U;·L . til!f:J(<.·)I'f\1:: ( '_)t.;. <-: L :35 ;f.,{;:) 1.-ili L ·r 
" )~f-~ l t ~ .iiiJ~t J> J, ·· .! . :.t /.:.. ::.- -~ ,.c1. t.- -- ;....· ;: 1 : / -~ - L s :~k~ ~ 
n1ha and Kor:o \19~H1:..- _·: J_ --:; :1'-lff~ViJ.·~;:);;j/>:- ~ : ;: 1• 1 
·:::·j;~;: . · ·~; t.St c\·(~nson. 198:3_1, 1j ; .:.; _;{~i' ·):~;; ) .·( > ~~ ;: ,, \.: 
:~.: ... _ -~ i~f.q:. ~ .{ L :·-.-.. .!::. .'d:.:. :t1J. -~ ~;. I-.- - ~- -r v: v) ';'it:~. · Ut~ ' :.1:;· r7·:rj: 
~- "i> . / ;.· ". 7 I· !: ') lh~)rtH<;Ji;i 7' 1 r 17:1 ::J -1: ;z-.~j'J' 
~' - ·7' 1 1--t: U,i>:· . .. -.f.~.: l'Ci, , -'C ~ l.t JAJhY/_;;:,.;: .,·c 
''~ l'·l ~:-l{~ f...: (I ' H:. :11 t. '·q~ Q .::. ~, -; :hi-17>0 ~ • .;; ·c.t, ·• U 1· 
:k~ ::t<J -~ c> < 40 {ffl: ;:. ~J rFiC.:l J' 1 ·J- ~ ~{~ ~~~ L ~ 
I, •r.·. (,\cuna el al., 200 l; Stnen:;on, 200 I; . • ::. u:,v_,·c 
Table Cl. Operating Condi t.ions ior Rcpresenta tivP. Dynamos 
Qua n t ity Un it Earth (;anyrncdc J u piter Uranus 
Rotati on rate. Q s-1 7/10 ,; I / II) ; ~ ...:Jo-• 1.-1 K I 0 1 
i )r;nsity,p i.:g n' l.J< l O' 6 _.A ll)·' I ·10 ' I :<.10·· 
Siz<.' of dynam o reg ion Ill ;1 X 1 0'' 7 ;v: 10·:, :1 '< l () " l ', 10 
T empera ture scale h eigh t. Hr rn l / Hf 4 :< 10' 1 / 10'" I >, I 07 
Conct uc:tivc hea t flow along ad ia ba t Wm _ •; L5 X 10-' i :.r 10 ., < 10- 1 <J O ' 
:\om inal convective heat flow Wm I .,. 10··J ] X j Q ., :"l -.. 1 / 10 " 1 
Ele<:Lr ica1 concluct ivity, o S m 2 " 1 o• I -'~ 1 06 l X 105 5 / 104 
Surfnr:f' !'icld ;;trc:lgth tEar!h - J; ().0.1 b 0.-l 
R, ba$cd on V,u 3 x. Jo:' 70 Cl X ] () ' 700 
R,. based orl l~!llo.l" 30 3 ,H){) ') C .::.. .) 
Elsasser numher .t1 at top of rlynamo 0.1 0.1 0 .25 .. 000 1 
(2! ·k -~:.:·J:th/·t~·)~_r\1/ sta~nant lid it~_~ ,:: ~-ft Lt.:, ·::3i 
kt;!u) .J T :i; :·ii~i:DfJ ;.ig.;:,ifJ$:11"i::i .7 / + ·t:-2:: {1: ; !, _,~ 
b~ -; <: \' ~ 2: .rt,;t .Hi 6 . .-:, --;-7] X_~-~. :; ~1/;·~ VYf~t[~ .!_: ~~~!l .8~ 
;, -~~tr.?.dJi -:7 ,2: ~. 
4 ;;t ~: ·J l·~ --c· IJ. :~t:Jf; iJ"~ 1~ "CJ · ~ .. :_ C : .. t~,4_j~~_fi tt~-:; 
: . ::: .;: .. , -c-~1:-tr ~-) ll--:: ~  · g r; -~ L~-r.~}t;,~ :~ .f·) f: -~· t ;-~~"1: J l. -c 
~ \ /f; ::: (i -.s- ~- f~) ~l i:1,- ;~ , . 
9-1' 9 ;.; : : U.,f'5 '4i£U!i·'~i':<:,')'~:· ) li;:l~~>.t, 6'r·L :_it:; 
·= I[ i ~ IJ , / -'-h'tJ:>l~ C: !J;' [j ;/'1_~'#;~\ ~~ 0 .•. :)•\.. 
.::, -l.: J.~: ~,._ ;~t~0 ( .r.? r: -"'. h 1.: 7 .. r· _) ,;]~ () ~~lF~IJ~Jtlf'·.:· 
j tl';J!.- .- -::: ~'- __ : 
;;<;.I:!IL:i!IJ:E~LH/Il J.:;,, ~i.i.>~.;·:·:·/·<.r.!: :f;/• ·.,'. <f .. <:'·. 
,-;: _ f,; f-F ··· :?)7_\!:J:. --:. "C .J{'/f1i ·~-;~;Jfi·~x;_rrtiJ \ .i~ ~:) /l. ~t _.-> 
JJiiHt t. J;. ;;, . 
t--!.1 t--;.;c:~:E~:;~.k. 7 :.--t,.::. {':;;iii;~·t rc •. ~ ~: 
I' 5. ~:tBJ:.Uta~~ 
;-·1 .'- <.c f- -; ·.•vo'J > 2 _, v - :..- ,  > \t , (' I W~u) i!i")J 
-:J) 7\:tQ ~;. ;5--J\. C . ..: 1~- A: ?:' 1: :~~ ~ J): f.-; ~l t:.. Flf.~~R~t; .'& 
~~~+-:-;· ~~ L -c. ~~i1i CJ#.:~'P- .'1~!;:_~~0~ti 'k. .II~~,j)Sif ·c 
i:. t;._ ~ 'l 7 J' "-'9 :!) .), -{, ;;: \ ' 1:,1,\j< ,:_; ::. .:: ;6>, ?: < J){iff)Y,;ii: 
.1 . , -c r- '?f:f' '·J :: tlti.t 2: :J1 ·c '· · 0 . r: t~· - {o -; · .. ~ :: ~w · :~, 
f c 'C L · 0 ,. 7 J- 'J Ulti!I;;<:'.J :J 7 ;:_;. ~; ~ ) .__ \ •{[1fZ, .. ; il 
I.:~ <. 11~ :+ ~F::h ·c ~· ' :;S . :i .)- t.:. , cW-70:.::: /1 \ t.>- fi. _L -~· -~~ > :t~( 
:..··;l.: tf, i.:i#W iej )_;r"ft~ ~J ~~~~~ :..: {~-< t; ;) \)t!f:j;: t:~) ~1 7U> 
'-~~,(1, <~ 1 rn\ /~;-it:11 · Wr~:(t) ~f~ JJ f) \ 't~~L~:i~ ;;Jf'/ 1·[ ·c 
i ;: . Jf!~fl~rJ·,· 7;- 'J! .: ·-)L·-c,;~~t\}i/ '.,i:: r~ ·.f -0~ ··'­
_-;, ... :;. i =~ :~· /v ._J-~· /:; 1• • . -: .. tJ·~ L fhl !+ J ·c 1)) Y -: _-:. !/ - -> ::: .:.. 
· .. r • 
~ • .-·. j ~- _ .. 
·, j.:jJ• 
, .··. : ~ l .. :Y ;; .. 
. ,,- .; 
I·.!.; .• 
·-; J i. ·_:i . ~ :_·,-·t_~ ~ ·{ ·:; · ::_.1.1 -_ ,:.= ~ _tl_L;· 1.. .~~-··.:-:t_)(· 
t" ;:. _ .. ~~ (;-- t J_, ::) ~ Ct)(: c.' al., 2ft00 ;. t:J{ j j(;:: ~; ~i ·c-, .:_ ,_,:) --~: 
<- ~~ -~ r;.-t ·:.t .. t .: ... -i~ :.Ll:( · .. l> f /;/.~ · -:. t~ ~4: L ~ .;; h..u 1 ~o 
:mel Robl'rts t2u02) -~·{;!.':8~'. •t: '. ··. 
~:; --:: ! .:::. --; t .. ·r-~ t?) i Jt_-'J- r~ r: -·-_r.tJ.t""L ~t~l .. , .:: ·g;~~ -: r~{,·.:; 
!:. 7; .~- :: .;; '· '· .. :n .c:: -c e:ri7i'f:; 4~i: · - :. FH:c: '' ;;,;:!.' '·' 
L!<'=H'·f :•.' lf: f.t;:[:"}Jc) HT\•1' 4; < :~!~" ~o; ':1 . {- :tl/;<.;J; . ' ·-. 
tJ >7- -~ ~{)·-.:if1i}J~:.7< ~..t- -=.:- ' l~htl:~ . _.-cfp t; i;5"1;(~ 
:~r:. . .L ~ ·. {.. (.') --:- (V: 6 ,=-_ ~'" ;<~ ~- UJJ ... _:, /) ·.;: .~.;, -~> t:_ 4-: -) -:f" ~ ,:: , 
1"TH N: • Dnvid J. Stcvcn~on 
Y1 J- ·E-o~-:4\~>iDJ,~. :iJI] >t:fii&~JiUt;t.;:~; !J;~'i34J.O):#. 
. ~j:..: f~ ., <: ~ • ~ !;· ti ~ oJirHII :i . -c v.: .T.~t,!(•W'J;\f>l/l)iti<:> 
.ieL~.JII!i'ki:~·x_ .;, 1·.-.c•i~l •;!;1WJ:~ '4 1-'JJ..~.::: .!:M~ 
JW~~-d. -j _ 
.'5/i! :;(:"fti ~<im.;_, _ ltJ;J:~<;xv~ o"'-><:! 1 ! '~" l!tiifi (j) ili~t¥.(T.J m+ 
C: U ts;io') 'C~ ft :.:·l:ii· .-\, t.'. f~tt~o) {-j' f:-: t;i.:fl ;> ;J.;: t>- ~l. 111! 
BRf~J:I,\ ,.::: :i1;>t.: t; ,~ ·· t: .'l 1 7- -t ~~~~b:(~i~','I) !L-'1 ' -;f.;:l;~ 
1 ·r ·-f. t~.'IJ~~):i!ii:t)i ..: -; t ·-ct. ~tl!ff '"j;B ;:) C: f_,J : ~ J:. ·! u 
-t-7' IV( ,; ~~H):j<:; ~ -:0 :l i -c j';- •1' L~:i;;,.l)ltfiH';(;" 'j'cU~Jf.,( u: 
tr. f=l·.~\·ltif:;r~~·;:::;;.:.;) ·=J . •, \ -g"·~-L~;:: . __ -c ~), -LRU:c.t f~~hii . 
lmiRJ c ~-, J!i.i.'t;{~Y) T 1 1~- < • .: ttfi• ; , tii.J-:: 11' ~' i<r<· ,:, 
~ ·-r· ~, ., (-: ttf<l,ti t.;H~~f;iJ!'~.: lirtzttt;<l:';',t '· A:1t'~ ~ 
:\cu na. :VI. H .. .J. r:. P. Conncr,leY. Jl. Wa>Ci le"~J..:. el a!.. 
:!IJO l. Magnc-ti<.: iielu of :VIa rs: Su:nn::uT oi ...-,ul t s 
rrun: : :".C ~H~robral<i ng :·Jllci Tllappi n?, ' ... ~)i t s. J_ Gt..•n-
p :; 1 s. I( c.; .. 106. 21. •lW{-2:~. -11 7 
B!n 'l:!:•.m . .l.. :;!IJOOa, T lw <-:'kci ,r r!· ·· rn· ·J! ''"'-'·:tt<,:t:k 
inl fl r:lcr.in n!-i nnd !.t1c· l :~ll .:.tL'OSt'cuh r \",:j;·i.:Jtion. Phil 
Tr·;; l ~-~- 1~. Soc. I ~nnd .. :\ a:1R 1_ 1 7 1 1 1'/'l. 
Rloxha n: . ] .. 21)1)(1 b, Sc:bitiv lll. <L l: .t' »;eo:na>:n<"i(' 
c;;, i;IJ Jipu:'" (l) :l!<:rrll:li Co.IJ'P lll:llllit· i:ll vr·actitli iS, 
:\:;: un,, ·tnii. n:~ i .~ . 
Jll'ag in,;ky, S. 1.. 19114, Kinemat ic ·w1ccls r.{ the Ear · 
til's h yrl rnmngncr ic dy r:amo. Gcu11 1agn. Ae:·on., 4 , 
7:!2 747. (Engl. Tram;. 571 - 5R:l l. 
B •J!Iard. E. C. and H. Gellman . 1!.!54. l l(noxe~teuus 
dy:-wm os and tcncst:-ia! m af.illt' tism. Ph". T rans. 1~. 
Soc. Lollu .. 24 7. 21 :{- 278. 
C hri;;rensen, L:., f'. Obo11, a!lu G. :\_ G:a rzma ier. I !)98 . 
. \ dynamo mode; interprC'lat iOI: oi gcorna!{uet!c 
fi eld struct urcs, Gcophys. Res. Let l.. 1 !165-1 0<'8. 
Ch ri:st eu sen, U., P. Olson . a n rl G. A. Glatzma icr . 1999. 
Nu me r ical modcliu!{ of the geodyn amo: a system-
atic parameter study. Geophys. J. Int., 138, 393-
109. 
Christeu~'"n. L R. . .T. Auherl, r . Cardin , E. llormy, S. 
Gi hhons.G. A. Glatzm aicr. E . Grote. Y. Honkura. C. 
Jones. ~t Konq_ \-1. ~vl ;.:hm. '1: n: a. "1 . Snku ra i.JC:. F. 
Takahashi . . '\. Ti lgner, J. W icht, ,,~:d K. Zhang, 
2001 , A n umerical dynamo hench mark, I'hys. 
Eanh P lanet.. Inter., 128. 23 :34. 
Clay ton, D. D., 1968, Prin ciples of S tel lar Evolut ion 
and Nude<.~synt.hes is . l'v!cGraw-l lill, ~5f.ipp .. N~:w 
Yml<. 
Coc, R. S., L. Ho ngre. a nd G. A. Glatzmaicr, 2000, A n 
examination of sim ula te d geomagn etic. reversa ls 
f rom a pa!at•umagne tic pt>n;pcctiYC, P h il. Trans. R. 
Soc:. l.ond., A358. 11 -11 1170. 
Conncrncy, J. E. P .. 1993. Magnetic fields of t he outer 
planets. J. Gtophys. Res .. 9R. 1 R,tiCi!l 18,679 . 
l.i«trn1aicr, G. ,\. and 1'. ll. Roberts. 1995a, A three 
dim.;m;ion a: con vective <;y na mo ~ol ution with ro-
ta ti ngan<l fin itely cond ucti1:g innc:· core auu 
mantle. Ph ys. Earth !'land. Inter .. 91, fi:~-?fi . 
Glatzmaie r. G. A . and P. H. Rober t;,, 1995b, A three· 
d ime:1sional sel f-con~: i stc: t l con:pule r s imula t.io :1 
of !lll,Com agnc tic ii<>;d r<>vPrsa L 1\nlurc, 377, ~o:> 
209. 
Gi<l t zmaicr. G. A. ami P . ll. Ro berls, I ~!lila, An nnclas· 
lie evolutionary geo<ivnamo sim ulation dri ven by 
CO III!.KJ>i liuna land thermal convection. Physica D, 
97, 8H1·1. 
(i lllt 7.1llllicr. C. ,\ _ a nd P. l l. Robert, . 199Gb. Ror.ati nn 
and magnd: srr. of Ea r th 's inner core. Scien ce. 274 . 
1887 1891. 
(.; ]<;lztn'-1i~r. G. A. :;lH; P. ll. Roher:s. I!H7, Simuh1li11g 
lhf' .l{r·nrlrna rno. Corrtcmp. Phy~ .. 3R, 2n9-2f\f\ 
c; Iatzm;J:n. C._\_, R. S. Coe. L. Ho:1grr'. and P. H. Rt' · 
hNt~. 199!), T he role of the E ilr t h 's :nautle in con· 
troll ing the : req uency of gl'om;;gnel.ic 1'1'\·cr~;ils. 
:'\al u n•, 4\ll . Hi-i:l H'JO 
(irot c. E .. f. l L ll•.b>t:. a nte . \. T iigner. IY9!1. C"n l't:. 
tioti·clri,·t·r: quddrtt~)o);n· d,.,~i.:f l"los i:1 ~·otL: li:o.t 
sp'lHir:· tl ~:. ,_.p,,_ Pliv-; [!,··, EGO. R.102:'i f!:i02.<l, 
CrtJIC. E .. F. H, Hil s~;;. :n1d ,\ _ 'iil,_~nc·r :o!Olllh. l~q; ula· 
t:l l lC: c-1:.t~"•ti c ~.rd H· r lt:d . ll\· r ! ~L liP~ . Ph~· ~·; . E::n ·, P ::-1nvt 
htcr., 117. :?:i;J--:272. 
(;rot.r,. r:., 1·' . II. l lm:sc, ami ,\. Tl:.;m~·. 2000b. r: :·kct.~ 
of Lypcrd~ f~ IJ:-:; iy i t it:s o r: (~yna:no ~ i ~~l ll l ;:J·ion :-;. c~_·c: · 
r:1ys. Re~. L c:t.. '.!.7, '.!.001 2004. 
l 'h iho.ra. \. aad S. Ki<;a, 2001l, .-\x'~ l 8nrl cqw;:oria l 
m;;gn~tc d i po~cs gcncra k d en c. rota l ing~plt~r:ca l 
shell. J P:-,\·"· ~<x. Japan. 69. 1Sk2- 1 f,fri. 
June,;, C. A .. 2000. en,~ I'Cl'LO;J-l:rivc:l gco<iynam o 
models. Ph il. T ra ns . R. Soc. l.onrl .. :\358, 8'7:3 ~07. 
Jon~s. C. .A. .. A. M. Sow c.rd, and/\.. !. \1us~a. 2000. The 
onset of thenuai <.:o:rvectio:1 i n ;; rapirlly rot atir.g 
sphere, J. Fl ui d \ icrh., '105, 15 7-1 79. 
Kagc )•ama. A .. T. Sato. and the Complexity Simula-
tion Group, 1995, Com puter si m ulation of <t mag· 
netnhydrouy n arnic dynamo fl, Phys. P lasmas .. 
2. 142 I I 4:~ I . 
Kagcyama, ,\. and T . Sa\l), 1997a, Veloci ty a nct ma.l;(-
uetic fie ld structure~ in a magHctohyurouyr:amk 
:h !' ~ rr~r·l . 1-'11 •.- -;. P J:ts:na'. 4. I ,)f,\) ! .)7-l. 
Kagey am;; .. A. and T. Sa to. Hl!J7 b, Dipoie iicid gerrer-
ation by an \ U [[) u vnamo. Plasma Phy-s Co1~ tro : . 
F usion , 39, AR~ A 91. 
K:~geya ma . A. a nd T. Sato. HHJ7c. Gen eration mecha-
nism of a dipole field b}· a m agnetohyclr·ody murric-
uynamo. P lws. l~cv .. E55. 46 17-4626. 
1\a taya ma. ]. S .. lvf. Matsushi m a . and Y. Honkura, 
19H9, Some character istics of m agnetic Jiel d be· 
havior in a model of \'IH D rlynam o therma ll y 
driven in a rotating spherica l shell. Phys. Earth 
Planet. lnlcr., 111. H l 1.~9. 
K ida, S. ami ll. Kitauchi. l998a. Thermally d rivl'n 
MHD dyn:1mo in a rot!lting spht>rical ;,lwll, Prog 
Theoret. Phys., 130, 1~1 l:.Jo. 
Kida, S. a:td 11. Kitauchi, 1998b, Chaotic n:n:rsals of 
di pole mmm~nt of t hermally driven magnetic Jicld 
in a rota t ing- spherical shell, J Phys. Soc. Japan.ll7 
29,)0-29:1 I 
Kida, S .. K. Ara ki, H. Kitauchi, 1997, Periodic rever· 
sals of magnetic field g~nerated hy thermal con -
vection in a rotating spherical slldl. J. Ph ys. Soc. 
Japan. 66, 2194-2201. 
Kitauchi H. and S. Kida , HJ98,1ntc nsificat ion of mag-
JJ etic iieltl b1· cuncenlrale-and-slretch of magnetic 
ftm: l'n~~. Phys. Fluirl., 10, ·157 ·1G8. 
Kivclson. lVI. C .. l Warnecke. L. Benndt. d ul .. 1988. 
Ganymede's magnetosp here: IV!agnetometer ovPr · 
view, J. Ccophvs. J{es., 103. 19.963--19972. 
Ko'10, I'd. and P. H. Roherts, 2002. Recent geodvnJmo 
sinul<: lio nc <mel observations of the gcom<wnctic 
Jielti. Rev. Ge(Jjhys .. 40i.li. 1013. Papl'o 2000RG 
00 10 2 
l\n·tn. \ 1. . . -\. Sa:,unb:t. :in( \1 J;;nida. :!000 Dyn;;mo 
:;, ir~1ul ~1 ti n tJ a7H-: p::.dl'fJ:-;L-cu ~ar variatio n ;nock <..;;. PhJ 
_,. r;, :c .. 1-(. S• H:. Lu::' '·· :>38. 1123-1 l:l9. 
l\ l . ;lti :~ . \\'. ·1nd J. K! o:-.: hr; :-11, i ~J ~17. -\ r: !-: .• r-1: 1 -lil\~· 
r: c:ic:.tl <h J,:llJIC : :1od cl '\ai t: rc·. a1'\9. :HI-<17.! 
F::r~tl'/. ,,- '=nd l rru-.::hrtnL 1 ~-jD .~ . "\1Jf l l (' ( c .:d rh·n :·ll{i 
r::c,:·lt.·lin?;: ('fl!n):-:tr isor. \\-.th th~- E.;:::·tit's JLi::;}:~ n:..: t iL 
lwlcl, i:·J ; T he Con:-\l:llrl" Buunri;,ry RPg ion. 
•<it: <I II'.· r>l. c; _~t·Jr < \f. W,·:;c"ioJt, E K:1'tllc. <' r:d 
R FltJffl'l. Ccodyr·.amic:; Seriec;. 1')7-~0H. 
K uam :. \1. and J. B.oX'12.ll1 . 19!.19, Nunw r·ical rnod el-
l:·as of r : :a.~ne tohyclroc:ynarnlc conY cction in a rr:.p-
Jr!J\· rntaling ;;pncr·in,J stw ll: Weak :J- ~d S'.ru~:g held 
dyna mo ;:c·:or:. J. C:orn p Phys . lil3 :,J-Hl 
J-i.ulzG.:r, C. and C. Chrisk:·c;cn. 2fi00, Effect;; of d r iY-
ing ~lH.'clla:li~l!L~ in geoCy naruo n1ocleL~. Geophys. 
Res. f.fctt., 27, 29 :'l2. 
Labrosse . .S .. J.-P. Poi r ie-r. ;u1d J. -L. Lc :"l·lo•Jel. 1997, 
On coo!:ng of the Earth's core. Ph ys. Eiirl :1 Planet. 
l1rter.. 99, 1 17. 
Larmor, J.. 191 cl. llow t:oulu a rotating body such as 
t.he Sun becom P ;r magnet, Rep. Brit. A ;;soc. Ad v. 
Sci., l 50 -160. 
Lo per, D. E., 1978. Some thermal conseqU(~nces of a 
gravit.al io n all y powererl rlvnamo, j , Gcoplws. Rc;;., 
83, 5961-3970. 
Ochi, M. t-.:J .. . \. K agt'yama, a nd T. Sato, 1999, Dipole 
and octupolc fie ld reversals iE a rotati ng spherical 
shell: \LJgneloh yclrodynamic dynamo simu lil tion, 
Phys. Plasn1as., 6~ 777 787. 
Olson. P .. U. Christcnocn. and G. A. Glalzmaier, 1999. 
Numerical modeling of the gcodynamo: Mecha-
nisms o f fi e ld g-e uera t io na nJ equili bration. J. Geo-
phys. Res., I 04, l 0,:'\il:i I 0.404. 
Purkcr. E. N .. L!J55, llydromagnctic d vnamo models. 
Astrophys. J .. 122, 239-311. 
Rohens, 1'. H. anrl G. A. G18tzma iN, 2000, .'\ test o l 
th e frozcn-t1ux approximation using :J new geody-
namo mode l, Phil. Trans. R. Soc. Lond., A:15H, 
I I 09-1 I~ 1. 
Russell. C. T .. 1 ~N:'l. IVlagnet ic nelrl.s ot t.lw l f,·n·st r inl 
planet s, J. Ccuphy.s. Res. DR, I R,GS! -1il,GD5 
S;tkurahil. ~ ;;:·d ~1 h:on". l'l9'l. fffcct ,,f \111: i" ' ' v r 
L·n r t": d!": tht ··t.,l ll"ll'!"ic·:~l sulut:<" w o i" th ·~· rL :l .I ·~J : c: (t· 
ll l·:!rod i·n;Jmic i' 1-r::H:h !. P h.,·s . f a r!:\ f' la ·1:· t. J :~ l ·• r .. 
111. 103 1:' 1 
Sho·,,··."".la n . .-\. P. ;tn(1 !\. !\ 1:111 --. nl r..1. ! ~-~ · .. -)·.-:. T: --.~·· C:-.d ~! .. ·:tt., 
·;:,: c !: '.tc ' S<:icnn· 2H(i. 77 S I 
S tee!:l>eck. :'vl.. F. Krau:;e ar:J ;..;. ·l l. Ri.ld~t· :· . 1':ii)''· ,\ 
f":-.lr-u:(t-ion nf -h t·· r~·.e··~ n elec-.rn:"H"Jli \ ·(· fo rce in ~ ~~~ 
dcc·.!-ic;tl)ynn:.:~ 1. lC Lin.!.~ f: 1. 1id in . l t~·h!.~ lC' nl 1 lH:.i ~n~l 
under 1:lc influence of Cu r:nli:-::.f;: n-ct:s. 7. '<aLJ'·-
Iorsdt. A21. :Jf)9 :370. 
SI.P.V.,JlS( >ll. TJ. .1 .. l 'iii:l, r'tan <'l ill'Y llliJ,(( l H'I '. c :it'· lrb, lhp 
Pcog. Phvs .. ·16. [15:)-620. 
Stc·VCT1'011. D J. 1987. T.ir" i1' on ldt('T\T I d('n<'l y i't ild 
velocity variatio:b in :he Ec.r:h·s outer cun'. Gee•· 
ph\·s . .T. R. A~lron. Soc., 88. :'l I t · :1 19. 
S tcvcnsrm. D. J.. 201.\1, 1\Iars\ co:·c ancl ::1agnctism, 
\ature. 412, 214-219. 
Str vcnson, ll. J .. 2 1lO:l, l'lil nct.il •·y rna ~nct.ir f c lrl s, 
Earth Pla:tel. Sci. Lct.L, 208. 1-11. 
